We investigated whether niacin-related compounds had radical-scavenging activity by electron spin resonance methods. Many compounds, but not trigonelline, had radical-scavenging activity against hydroxyl radicals. However, for the nitric oxide radical and 1,1-diphenyl-2-picrylhydrazyl radical, only nicotinic acid hydrazide and isonicotinic acid hydrazide had scavenging activities. These results suggest that the moiety of hydrazide might have an important role in scavenging abilities of various radicals.
Niacin, which is known as nicotinic acid and nicotinamide in general, in one of the water-soluble vitamins, and is converted to NAD in vivo. NAD is an important coenzyme in oxidation-reduction reactions to obtain energy, and is also a substrate for ADP-ribosylation. Poly(ADP-ribosyl)ation is a posttranslational modiˆcation for nuclear proteins in many eukaryotic cells and has been thought to be associated with many important cellular processes, particularly DNA repair and apoptosis. [1] [2] [3] On the other hand, niacin and its related compounds have various pharmacological eŠects. For example, nicotinic acid has an action of vascular extension and decreases the level of serum cholesterol in blood. 4) We have been investigating various physiological and pharmacological functions of niacin-related compounds in various organisms. Previously, we investigated the eŠects of niacin on DNA repair in normal human lymphocytes. The intracellular NAD content was increased and DNA repair synthesis was promoted by nicotinic acid. 5 ) Moreover, we found that niacin-related compounds, particularly picolinic acid, dipicolinic acid, and isonicotinamide, induced apoptosis in HL-60 cells and K562 cells via caspase activation. However, in normal human quiescent lymphocytes, apoptosis was not induced by these compounds under the same conditions. [6] [7] [8] It is interesting that picolinic acid acts as an inducer of apoptosis although it is a natural metabolite in a side pathway of NAD biosynthesis from tryptophan in animals and exists in various organisms as a natural component. Most niacin-related compounds exist in organisms as natural components, and may have various unknown functions.
Reactive oxygen species (ROS) are known to induce oxidative stress and cause aging and various serious diseases in the living body. Particularly, cancer is considered to be caused by DNA damage induced by ROS. Recently, it has been thought that dietary antioxidants may play an important role in the prevention of carcinogenesis and in extending the life span of animals.
9) The use of natural antioxidants in food will be expected to provide antioxidative activity in vivo and oŠer eŠective protection from peroxidative damage without side eŠects. 10) For example, it is known that catechins in tea have antimutagenetic and antitumor eŠects.
11) It is considered that their pharmacological eŠects are due to the antioxidative activities. It is important to investigate new functions of niacin-related compounds for the eŠective use of the vitamin in theˆelds of medicine and nutrition. In this paper, we reported that the scavenging activities of 23 kinds of niacin-related compounds ( Fig. 1 ) on hydroxyl (OH) radical, nitric oxide (NO) radical, and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical were investigated by electron spin resonance (ESR) methods.
Niacin-related compounds were purchased from Nacalai Tesque (Kyoto, Japan), Tokyo Kasei Kogyo (Tokyo, Japan), Sigma Chemical Co. (St. Louis, MO, U.S.A.), and Wako Pure Chemical Industries Co. (Osaka, Japan). 5,5-dimethyl-1-pyrroline-1-oxide (DMPO), carboxy-PTIO, and NOC7 were purchased from LABOTEC (Tokyo, Japan) and from Dojin Laboratories (Kumamoto, Japan). Other reagents used in this research were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise speciˆed.
Atˆrst, we investigated scavenging activities of niacin-related compounds against OH radicals generated by Fenton's reaction according to the modiˆed method described in Ref. 12 . The reaction solution contained 0.1 mM diethylenetriaminepentaacetic acid, 10 mM DMPO, 50 mM FeSO4, and niacinrelated compounds in sodium phosphate buŠer (50 mM, pH 7.4). The reaction was started by the addition of hydrogen peroxide (ˆnal concentration: 1 mM) to the reaction solution. After reaction for 2 min, the reaction mixture was transferred to a ‰at quartz cuvette and the ESR spectra of the DMPO-OH spin adduct were analyzed by using an ESR spectrometer (model JEOL JES-REIX; JEOL Ltd., Tokyo) with manganese oxide as the standard, at room temperature. The conditions for ESR analyses were as follows: magneticˆeld: 335.6 mT, microwave power: 4 mW, modulation frequency: 100 kHz, modulation amplitude: 1×0.1 mT, response time: 0.03 sec., sweep time: 2 min. Scavenging activities of niacin-related compounds against NO radical were examined under the conditions described in Ref. 13 . Namely, niacin-related compounds and 10 mM NOC7 were mixed in the test tube and then 10 mM carboxyl-PTIO was added. The signal intensities of carboxyl-PTI were analyzed after the reaction for 90 min as described above. In the case of DPPH radical, an aqueous solution of various niacin-related compounds was added to 30 mM DPPH in ethanol solution. The ESR signals of DPPH radical were measured under the conditions described in Ref. 14. Typical ESR spectra of DMPO-OH (A), carboxy-PTIO and carboxy-PTI (B), and DPPH radical (C) in the absence and presence of niacin-related compounds are shown in Fig. 2 . Particularly, in the case of NO radical, the ESR spectrum of carboxy-PTIO is characterized byˆve signals (1:2:3:2:1, aN＝0.82 mT; Fig. 2(B) , carboxy-PTIO without NOC 7). The NO radical from NOC 7 is oxidized by carboxy-PTIO, which is then converted to carboxy-PTI. The ESR spectrum of carboxy-PTI is characterized by seven signals when carboxy-PTIO is completely converted to carboxy-PTI. Consequently, there are nine signals in the presence of both carboxy-PTIO and carboxy-PTI ( Fig. 2(B) , control). It is easy to distinguish the diŠerences between carboxy-PTIO and carboxy-PTI by using the ESR method as shown by the dot in Fig. 2 . In this study, radical scavenging activity was calculated by the following equation:
Radical scavenging activity (z)＝100×(1"F? W F)
here F? and F were the relative peak height of the ESR signal of each sample to the intensity of Mn 2+ signal as standard with and without niacin-related compounds. The dots in Fig. 2 indicated the DMPO-OH signal, carboxy-PTI signal, and DPPH signal, which were analyzed at the peak height of the ESR signal, namely F? in this study.
A summary of the radical-scavenging activity of niacin-related compounds at 10 mM against OH radical, NO radical, and DPPH radical are shown in Table 1 . In these radical-generating systems, three radical species were scavenged by popular radical scavengers against each species. In the case of OH radical, which had the highest reactivity among various ROS, most niacin-related compounds had scavenging abilities. Particularly, the ratio of isonicotinic acid (3), pyridine (16) , which had no substitutive groups, and pyridine with an amino group which was a highly reactive group such as 6-aminonicotinic acid (14) and 6-aminonicotinamide (15) were over 90z. Radical scavenging activities of niacin-related compounds which have one carboxyl group in the molecule (1-6) tended to be higher than those that have two carboxyl groups in the molecule (18 and 23). Moreover, radical scavenging activities of compounds substituted at the 4 position of the pyridine ring such as isonicotinic acid (3) and isonicotinamide (6) were strongest among niacinrelated compounds which have one substitutive group in the molecule (i.e. nicotinic acid, picolinic acid, isonicotinic acid, nicotinamide, picolinamide, or isonicotinamide). It is very interesting that only trigonelline had almost no scavenging abilities against OH radical in all compounds in our investigation. Scavenging abilities were dramatically decreased by methylation at the N position of nicotinic acid (7) and were oppositely increased by methylation at the N position of nicotinamide (8) . These results suggested that the resonant structure of the pyridine ring in the molecule might be important to radical scavenging ability. Interestingly, only isonicotinic acid hydrazide (13) and nicotinic acid hydrazide (12) showed radical scavenging activities in the cases of NO radical and DPPH radical. Nicotinic acid, isonicotinic acid, and so on had low scavenging abilities against DPPH radicals. Consequently, the moiety of hydrazide may be important to show radical scavenging activity on various ROS in niacin-related compounds.
We investigated whether isonicotinic acid hydrazide and nicotinic acid hydrazide had scavenging abilities on three radical species at various concentrations (Fig. 3) . The results were that these compounds showed radical scavenging activities in a dose-dependent manner and against DPPH radical at lower concentrations. Particularly, radical scavenging activities of isonicotinic acid hydrazide and nicotinic acid hydrazide against OH radical and DPPH radical tended to be relatively eŠective at the same conditions of popular positive compounds (Table 1) . However, in the case of NO radicals, the activities of these compounds were eŠective at higher concentrations in comparison with pergolide, an NO radical scavenger which was reported by Nishibayashi et al. The order of potency as a radical scavenger was isonicotinic acid hyrdazide and nicotinic acid hydrazide against DPPH radical and the OH radical, and the order was opposite against the NO radical. It is interesting that there are diŠerences between radical scavenging activities of these compounds against the three radical species. These results suggested that the relationship between the position of the hydrazide moiety in the pyridine ring and the resonant structure in the molecule may be important (12) 71.2±0.9 100 100 isonicotinic acid hydrazide (13) 83.5±0.6 100 100 6-aminonicotinic acid (14) 93.6±0.1 0.7±0.9 4.5±0.5 6-aminonicotinamide (15) 93. to scavenge various radical species. Particularly, the DPPH radical was relatively scavenged by these niacin-related compounds at lower concentrations in comparison with ascorbic acid. The DPPH radical is known as a stable radical and the model of an unsaturated fatty acid-radical. Consequently, the radi-cal scavenging eŠects of isonicotinic acid hyrdazide and nicotinic acid hydrazide may be relatively eŠec-tive in both conditions of water-soluble and fat-soluble phases. Moreover, it is hoped that the preventive eŠect of these compounds against lipid peroxidation might be shown directly and indirectly like those of many ‰avonoids. It is suggested that the diŠerence of potency among the three radical species may be the key to explain the mechanism of scavenging abilities. We need to investigate this mechanism further.
In conclusion, isonicotinic acid hydrazide and nicotinic acid hydrazide had scavenging abilities on three radical species in this study. Interestingly, isonicotinic acid hydrazide (INAH) is well known as an anti-tuberculotic drug in general. Rozwarski et al. reported that the eŠect of isonicotinic acid hydrazide on Mycobacterium tuberculosis was an inactivation of a long-chain enoyl-acyl carrier protein reductase, which was an enzyme essential for mycolic acid biosynthesis, by oxidative modiˆcation of the NADH. 15) Our results may be related to the therapeutic eŠect of isonicotinic acid hydrazide on tuberculosis. Moreover, in our previous investigation, isonicotinamide, one of its metabolites in vivo after oral administration of isonicotinic acid hydrazide, induced apoptosis in HL-60 cells. 6) However, it has been reported that isonicotinamide had no harmful eŠect on mice.
16) The derivatives of isonicotinic acid hydrazide may be more eŠective against tuberculosis. Consequently, we expect that our results will be a step in the development of medical uses with no harmful side eŠects and might be useful in variouŝ elds in the near future.
